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X-linked myotubular myopathy (XLMTM) is a congeni-
tal disorder caused by deficiency of the lipid phospha-
tase, myotubularin. Patients with XIMTM often have
severe perinatal weakness that requires mechanical
ventilation to prevent death from respiratory failure.
Muscle biopsy specimens from patients with XIMTM
exhibit small myofibers with central nuclei and central
aggregations of organelles in many cells. It was postu-
lated that therapeutically increasing muscle fiber size
would cause symptomatic improvement in myotubu-
larin deficiency. Recent studies have elucidated an im-
portant role for the activin-receptor type IIB (ActRIIB) in
regulation of muscle growth and have demonstrated
that ActRIIB inhibition results in significant muscle hy-
pertrophy. To evaluate whether promoting muscle hy-
pertrophy can attenuate symptoms resulting from myo-
tubularin deficiency, the effect of ActRIIB-mFC
treatment was determined in myotubularin-deficient
(Mtm164) mice. Compared with wild-type mice, un-
treated Mtm1 84 mice have decreased body weight, skel-
etal muscle hypotrophy, and reduced survival. Treat-
ment of Mtm184 mice with ActRIIB-mFC produced a
17% extension of lifespan, with transient increases in
weight, forelimb grip strength, and myofiber size.
Pathologic analysis of Mtm1064 mice during treatment
revealed that ActRIIB-mFC produced marked hypertro-
phy restricted to type 2b myofibers, which suggests that
oxidative fibers in Mtm1 &4 animals are incapable of a
hypertrophic response in this setting. These results sup-
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port ActRIIB-mFC as an effective treatment for the weak-
ness observed in myotubularin deficiency. (4mJ Pathol
2011, 178:784—793; DOI: 10.1016/j.ajpath.2010.10.035)

X-linked myotubular myopathy (XLMTM) is a severe form of
congenital myopathy with an estimated incidence of 1 in
50,000 male births, and most often manifests with severe
perinatal weakness and respiratory failure.”2 Many patients
with XLMTM die of the disease within the first year of life
despite use of mechanical ventilation, and there are no US
Food and Drug Administration—approved treatments for this
disease. XLMTM is caused by mutations in the gene en-
coding myotubularin (MTM1), which is a phosphoinositide
phosphatase thought to be involved in endosomal traffick-
ing and/or maintenance of the sarcoplasmic reticulum and
transverse tubular (T-tubular) system within myofibers.>©
Muscle biopsy specimens from patients with XLMTM exhibit
excessively small fibers with increased numbers of central
nuclei and aggregation of organelles within the central re-
gions of many cells.” While the number of centrally nucle-
ated fibers bears little relationship to prognosis, there is a
clear correlation between the degree of fiber smallness and
severity of the disease.® A murine model of myotubularin
deficiency, the Mtm164 mouse (also referred to as Mtm1
KO in previous studies),>*'° demonstrates features similar
to those in human beings with the disease, including severe
weakness, respiratory failure, and histologic findings that
include myofiber smallness and increased numbers of cen-
trally nucleated fibers.'©

The relationship between myofiber size and symptomatic
severity in patients with XLMTM and Mtm184 mice suggests
that therapies that increase fiber size may lead to symptom-
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atic improvement. Myostatin (formerly termed “growth dif-
ferentiation factor 8”) is a protein of the transforming growth
factor beta (TGF-B) superfamily that is selectively ex-
pressed in skeletal muscle, cardiac muscle, and adipose
tissue during late embryogenesis and adulthood and is an
important negative regulator of myofiber size.'" Myostatin
binds to and signals through the activin type |IB receptor
(ActRIIB) to activate the TGF-B pathway, which prevents
progression through the cell cycle and down-regulates sev-
eral key processes related to myofiber hypertrophy.'2'3
Examples of myostatin deficiency found in sheep, ' mice, "
cattle, dogs, and one human child have all exhibited gen-
eralized muscular hypertrophy and increased strength, '
and compared with mice with intact myostatin expression, null
mice for myostatin or ActRIIB demonstrate myofiber hypertro-
phy and hyperplasia.’®'® There seems to be myostatin-inde-
pendent suppression of muscle growth that is mediated by
ActRIIB. Treatment with a soluble ActRIIB-mFC increases
muscle mass in MTm184 mice,'® which supports the role of
multiple ligands that control muscle growth postnatally and
suggests that targeting ActRIIB rather than myostatin alone
may provide additional therapeutic benefit. The potential for
myostatin inhibition to promote muscle growth has led to de-
velopment of a new class of myostatin and ActRIIB inhibitors
as prospective therapeutic agents for myopathic, dystrophic,
and neurologic disorders. A soluble activin-receptor type 1B
fusion protein (ActRIIB-mFC) has been developed that po-
tently binds to TGF-B family members to produce muscle fiber
growth in vitro and in vivo'” . Recent studies using ActRIIB-mFC
in murine models of neurologic disorders including amyo-
trophic lateral sclerosis and spinal muscular atrophy have
demonstrated variable effects on muscle strength and no ef-
fects on animal survival.'®'° The effectiveness of this agent for
treatment of primary disorders of skeletal muscle is being in-
vestigated.

Myostatin and ActRIIB inhibitors are currently being eval-
uated for treatment of several neuromuscular disorders, but
have not yet been considered for treatment of any congen-
ital myopathies. It is believed that they hold considerable
promise for treatment of XLMTM because of the direct re-
lationship between fiber size and prognosis in affected pa-
tients. To evaluate the effectiveness of ActRIIB inhibition on
myotubularin-deficient myofibers, wild-type and Mtm184
mice were treated with ActRIIB-mFC, and disease progres-
sion was evaluated both behaviorally and pathologically.
Treatment in Mtm184 mice caused a significant extension of
lifespan in this severely affected model of the disease, with
transient increases in weight and forelimb grip strength.
Pathologic analysis of muscles harvested while therapy was
most effective revealed marked increases in muscle bulk
and muscle weight, and dramatic hypertrophy of type 2b
myofibers.

Materials and Methods

Live Animal Studies

All studies were performed with approval from the insti-
tutional animal care and utilization committee at Chil-
dren’s Hospital Boston (Boston, MA). MTM1/HSA mice®°
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were a gift from Anna Buj-Bello and colleagues at the
Université de Strasbourg, College de France (llkirch,
France), and were subsequently back-crossed onto a
C57BL6 background. Genotyping of these MTM1/
C57BL6 mice (Mtm184) was performed as previously
described.?® Male wild-type and Mtm184 mice were in-
jected semiweekly beginning at 14 days of life with
ActRIIB-mFC (also called RAP-031; Acceleron Pharma
Inc., Cambridge, MA) at a dose of 20 mg/kg. This dosage
was chosen because it was above the level at which
muscle hypertrophy plateaued in wild-type mice (data
not shown). Vehicle-treated animals were injected with an
equivalent volume of Tris-buffered saline solution. Treat-
ment was continued until Mtm164 animals were judged to
be at end stage, and wild-type animals were sacrificed at
equivalent time points. Behavior of wild-type and Mtm1684
animals was evaluated throughout the treatment period,
and they were considered at end stage when they had
either lost 20% of their highest body mass measurement
or demonstrated complete inability to use their hindlimbs.
The age at which Mtm1684 animals reached end stage
was closely tracked to enable construction of Kaplan-
Meier survival curves using commercially available soft-
ware (Prism 4; GraphPad Software, Inc., San Diego, CA).
Animals were weighed five times per week during the
treatment period. For statistical analysis, running averages
of the animals’ weight over 3 days were calculated to pro-
vide daily measurements of animal weight. Forelimb grip
strength was measured weekly using a Chatillon grip force
meter (Columbus Instruments International, Columbus, OH)
by placing the animal on a horizontal grid and allowing it to
pull away from the experimenter by using only its forelimbs.
The average of three independent measurements, with a
1-minute recovery period between measurements, was
used for subsequent statistical analysis. Antigravity hanging
performance was tested three times weekly by placing the
animals on a rigid mesh surface, inverting the surface at
approximately 40 cm above their cage, and recording the
amount of time necessary for the animal to fall back into the
cage. Animals that did not fall within 60 seconds were
lowered back into their cages. The maximum of three inde-
pendent measurements, with a 1-minute recovery period
between measurements, was used for subsequent statisti-
cal analysis. Footprint analysis was performed weekly by
immersion of an animal’s feet in nontoxic ink and allowing
the animal to walk across an 8.5 X 11-inch piece of paper
contained in an acrylic safety glass (Plexiglas) walkway.
Footsteps and foot drags were counted, and the ratio of foot
drags to foot steps was calculated for subsequent statistical
analysis.?’

Statistical Analysis

Statistical analysis was performed using commercially
available software (Prism 4; GraphPad, Inc.). For statisti-
cal analysis of animal weight, forelimb grip strength, an-
tigravity hanging performance, and foot drag, analysis of
variance was performed, with Bonferroni posttests. For
measurement of muscle weight and mean myofiber di-
ameter, one-way analysis of variance was performed,
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with Bonferroni posttests. For survival data, statistical sig-
nificance was evaluated using a log-rank test.

Western Blot

Tissues from the quadriceps, gastrocnemius, and triceps
muscles and from elsewhere in the forelimbs and
hindlimbs were frozen at necropsy and stored at —80°C
until analysis. Protein isolation and Western blot proce-
dures were performed as previously described.?? Trans-
ferred proteins were probed with antibodies against myo-
statin  (MAB788, 1:250 dilution; R&D Systems, Inc.,
Minneapolis, MN) and GAPDH [glyceraldehyde-3-phos-
phate dehydrogenase (6C5), 1:10,000 dilution; Abcam
PLC, Cambridge, MA] and visualized using enhanced
chemiluminescence. Adequacy of transfer was determined
using Ponceau S staining. Quantification of protein levels
normalized to GAPDH was performed using the program
QuantityOne, version 4.2.1 (Bio-Rad Laboratories, Inc., Her-
cules, CA) on an Image Station 440 (Kodak DS; Eastman
Kodak Co., Rochester, NY).

Pathologic Evaluation and Tissue Collection

Animals were euthanized using CO, followed by cervical
dislocation, per the regulations of the institutional animal
care and utilization committee at Children’s Hospital Bos-
ton. Animals were photographed externally and after
removal of the skin from the torso and limbs. The quad-
riceps, gastrocnemius, triceps, soleus, extensor digi-
torum longus, tibialis anterior, and diaphragm muscles
were removed and weighed. For subsequent ultra-
structural studies, a small portion of the quadriceps
muscle was fixed in 5% glutaraldehyde, 2.5% parafor-
maldehyde, and 0.06% picric acid in 0.2 mmol/L of
cacodylate buffer, pH 7.4.

Histologic Evaluation

Eight-micrometer cross sections of isopentane-frozen
quadriceps muscle were obtained midway down the
length of the muscle and stained with H&E for evaluation
using an Eclipse 50i microscope (Nikon Instruments Inc.,
Melville, NY). Light microscopic images were captured
using a SPOT Insight 4 Meg FW Color Mosaic camera
and SPOT 4.5.9.1 software (Diagnostic Instruments Inc.,
Sterling Heights, MI).

For immunofluorescence studies, 8-um frozen trans-
verse sections of quadriceps muscle were double
stained with rabbit antidystrophin antibodies (ab15277,
1:100; Abcam PLC) and mouse monoclonal antibodies
against myosin heavy chain type 1 (Skeletal, Slow, clone
NOQ?7.5.4D, 1:100 dilution; Sigma Aldrich, St. Louis, MO)
or types 2a (clone SC-71, 1:50 dilution) or 2b (clone
BF-F3, 1:50 dilution; Developmental Studies Hybridoma
Bank, University of lowa, lowa City). Secondary antibod-
ies included fluorescein isothiocyanate—conjugated
anti-mouse IgG or IgM (both 1:100; Sigma-Aldrich) and
AlexaFluor-conjugated anti-rabbit IgG (1:50; Molecular
Probes, Carlsbad, CA). Staining was evaluated using a
Nikon Eclipse 90i microscope using NIS-Elements AR

software (Nikon Instruments Inc.). For morphometric eval-
uation and estimation of fiber number, nonoverlapping
fields of muscle immunostained for dystrophin were pho-
tographed using a Nikon Plan Fluor 4Xx/0.13 objective
(Nikon Instruments Inc.). Fibers that stained positive were
individually selected using NIS-Elements AR software,
and fibers were automatically measured with respect to
their minimum Feret (MinFeret) diameter. The MinFeret
diameter is the smallest diameter across an ellipse, which
corresponds to the “greatest distance between the op-
posite sides of the narrowest aspect of the fiber,”2® which
is a measurement commonly used in morphometric anal-
yses. An adequate number of fibers were counted to
ensure measurements representative of the overall spec-
imen, which involved a larger number of fibers counted in
Mtm184 animals (mean, 755; range, 238-1294 fibers)
than in wild-type animals (mean, 340; range, 230-416
fibers) because of the small fiber size and the regional
variability seen in the Mtm1864 animals. All MinFeret diame-
ters for a given specimen were pooled for generation of
frequency histograms and estimation of total number of
fibers within the quadriceps muscle. In addition, the
mean fiber MinFeret diameter for each specimen was
calculated for subsequent statistical analysis.

For electron microscopy, fixed tissue was subjected
to osmication, stained using uranyl acetate, dehy-
drated in alcohols, and embedded in TAAB Epon
(Marivac Ltd., Halifax, Nova Scotia, Canada). Subse-
quently, 1-um scout sections were stained with toluid-
ine blue, and evaluated and photographed as de-
scribed. Areas of interest were cut at 95-nm thickness
using an ultracut microtome (Leica Camera AG, Solms,
Germany), picked up on 100-m formvar-coated copper
grids, stained with 0.2% lead citrate, and viewed and
imaged using a Tecnai BioTwin Spirit Electron Micro-
scope (FEI Co., Hillsboro, OR).

Results

Myostatin Expression in Mtm164 Mice

The relative levels of myostatin were investigated in un-
treated wild-type and Mtm1684 animals to ensure that the
dosage would be adequate to inhibit the circulating myo-
statin in Mtm184 mice. Similar amounts of myostatin pro-
tein are produced in Mtm184 and wild-type mice (Figure 1)
at 43 days of life, although the levels observed in individ-
ual wild-type mice varied markedly. The presence of sim-
ilar levels of myostatin in wild-type and Mtm164 mice
suggests that ActRIIB-mFC could induce effective myo-
fiber hypertrophy in Mtm184 animals at dosages that are
effective in wild-type mice.’” '8

Weight Studies

In animals that received semiweekly injections of Tris-
buffered saline solution (the ActRIIB-mFC vehicle),
Mtm184 animals were distinguishable from age-matched
wild-type animals on the basis of weight at 20 days of life
(P < 0.05) (Figure 2A). These differences increased with
age because of continued weight gain in wild-type ani-
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Figure 1. Myostatin expression in wild-type and Mtm 184 mice. A: Western
blot analysis performed on the triceps muscle of 43 day-old animals demon-
strates similar levels of myostatin expression in Mtm184 mice and their
wild-type littermates. These are nonadjacent lanes from the same immunoblot
and using the same exposure time, as denoted by the vertical line. B: Expression
of myostatin normalized to GAPDH expression in vehicle-treated wild-type
and Mtm184 mice at 43 days of life. Numbers are shown in reference to the
mean value for the wild-type animals, and reflect the mean (SEM) value of 3
animals for each genotype.

mals in comparison with the plateau observed after 34
days of life in Mtm184 animals. Compared with vehicle-
treated mice, wild-type animals treated with semiweekly
injections of ActRIIB-mFC, 20 mg/kg beginning at 14
days of life, showed significant weight gain after 36 days
of life (P < 0.05), and continued to gain weight with age.
ActRIIB-mFC treated Mtm164 animals initially exhibited a
modest sustained weight gain, reaching a maximum of
124% at 53 days of life; however, the weight of these
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animals plateaued quickly and did not increase as ob-
served in wild-type animals.

Antigravity Hanging Performance

At antigravity hanging assay, in which animals are sus-
pended from a mesh grid until they either drop into the
cage or have been hanging for 60 seconds, wild-type
mice were able to hang for up to 60 seconds starting from
3 weeks of life (Figure 2B). Treatment of wild-type mice
with ActRIIB-mFC led to a slight decrease in antigravity
hanging performance, which was statistically significant
only at 26 to 27 days of life (P < 0.05). In contrast,
vehicle-treated Mtm164 animals exhibited impaired
hanging performance at 2 weeks of life, which subse-
quently degenerated into nearly complete inability to re-
main suspended against gravity by 28 to 29 days of life.
Treatment with ActRIIB-mFC did not measurably improve
the antigravity hanging performance of Mtm164 mice.

Forelimb Grip Strength

Mtm184 animals exhibited consistently lower forelimb
grip strength measurements at all ages tested (P <
0.001) (Figure 2C). Forelimb grip force measurements in
vehicle-treated wild-type animals showed consistent
gains in grip strength as the animals aged, whereas the
grip force of Mtm164 animals was greatest at 5 weeks of
life and then decreased as the disease progressed.
Compared with their vehicle-treated counterparts, Ac-
tRIIB-mFC—treated wild-type animals also demonstrated
increased grip strength as the treatment period pro-
gressed, with grip force up to 135% greater at 9 weeks of
life, the latest time point tested. In ActRIIB-mFC-treated
Mitm184 animals, grip strength was transiently improved
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by 116% at 5 weeks of life (P < 0.05), after which grip
strength declined in both vehicle- and ActRIIB-mFC-
treated Mtm184 animals.

Footprint Analysis

Abnormalities of gait can be used to differentiate wild-
type from Mtm164 animals. Mtm1684 mice experience
hindlimb weakness with disease progression, which can
be visualized and quantified as foot drags on a footprint-
ing assay. While foot drags are extremely uncommon in
wild-type mice, the number of drags observed in Mtm184
mice steadily increased after 3 weeks of life (P < 0.05)
(Figure 2D). Treatment with ActRIIB-mFC did not have
any effect on the number of foot drags observed at foot-
print analysis.

Survival

Similar to the first published reports using Mtm164 mice
on the HSA background, which stated that the survival of
Mitm184 animals ranged from 6 to 12 weeks (mean, 59
days), in the present study, untreated and vehicle-treated
Mtm184 animals demonstrated a maximum lifespan of
approximately 8 to 9 weeks (mean, 56.1 days; range,
32-65 days). In comparisons of vehicle- and ActRIIB-
mFC—treated Mtm184 mice, treatment with ActRIIB-mFC
significantly lengthened this lifespan by 17% (mean, 67.6
days; range, 61-74 days), with a shift in median survival
from 58 days to 68 days (P < 0.05) (Figure 2E). This
survival benefit was due to both a decrease in the num-
ber of early deaths and delayed death in the oldest
treated animals. This survival benefit also seems to be
dose-dependent; reducing the dose to 5 mg/kg of Ac-
tRIIB-mFC in a pilot study of six animals resulted in an
increase in median survival to 65 days (data not shown),
which is still a significant improvement over that in the
vehicle-treated animals (P < 0.05).

Gross Evaluation

Mtm184 mice with late-stage disease can be easily differ-
entiated from wild-type mice at gross and histologic exam-
ination. Mtm184 mice are much smaller than age-matched
wild-type mice and have proportionately smaller muscles
(Figure 3A). At 43 days of life, when treated and untreated
mice of both genetic backgrounds are easily distinguish-
able from their vehicle-treated counterparts on the basis of
weight, ActRIIB-mFC treatment resulted in larger muscles in
both wild-type and Mim184 mice (Figure 3B). Necropsy
performed in treated animals at 8 to 10 weeks of life, which
corresponded to the end-stage in treated and untreated
Mim1864 mice, revealed dramatic increases in muscle size
in ActRIIB-mFC—treated wild-type animals. In contrast, ve-
hicle- and ActRIIB-mFC—treated Mtm184 mice were grossly
indistinguishable from one another at end stage; both
groups of mice were severely emaciated (Figure 3A). It
should be noted, however, that the survival benefit pro-
duced by ActRIIB-mFC therapy prevented age-matching of
these mice for this comparison. While the end-stage ap-
pearance of treated and untreated Mtm184 mice was sim-
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Figure 3. Gross evaluation of vehicle- and ActRIIB-mFC—treated mice. A: Gross
examination of skinned animals at 43 days of life (DOL) or at end stage (~9
weeks) reveals increased muscle bulk in wild-type animals as a result of
treatment with ActRIIB-mFC. Treatment-related increase in muscle bulk was
apparent in Mtm184 mice at 43 days of life; however, muscle atrophy in the
terminal phase of disease prevents differentiation of vehicle- and ActRIIB-
mFC—treated Mtm 184 animals at end stage. B: Weights of individual muscles
in treated and untreated animals at 43 days of life. *P < 0.05.

ilar, the vehicle-treated mice were approximately 10 days
younger than the ActRIIB-mFC—treated mice when the dis-
ease progressed to end stage.

Histologic Examination

At histologic analysis, quadriceps muscle fibers of vehi-
cle-treated Mtm1564 mice were dramatically smaller than
those of age-matched wild-type mice, with mean fiber
diameter of 19 and 30 mm, respectively, by 43 days of life
(P < 0.001) (Figure 4A and Figure 5). Although central
nucleation is not a primary pathologic feature in this an-
imal model, compared with muscles from wild-type mice,
quadriceps muscles of Mim164 mice contained in-
creased numbers of centrally nucleated fibers (P < 0.05)
(Figure 4B). The number of centrally nucleated fibers in
Mtm184 mice increased with age, irrespective of treat-
ment. The greatest number of central nuclei was ob-
served in ActRIIB-mFC-treated Mtm 1684 mice, which may
have been a consequence of their extended lifespan
compared with that of vehicle-injected animals. Treat-
ment of wild-type animals with ActRIIB-mFC produced an
increase in the size of most fibers by 43 days of life, as
evidenced by a 123% increase in mean fiber diameter
and an increased percentage of large fibers in the quad-
riceps muscle (Figure 4A). Immunostaining for oxidative
(type 1 or 2a) or glycolytic (type 2b) myosin subtypes in
these muscles revealed that all types of muscle fibers
experienced equivalent degrees of hypertrophy in re-
sponse to ActRIIB-mFC treatment (Figure 5). Similar find-



ings were also observed in wild-type mice that were
sacrificed at end stage. ActRIIB-mFC—treated Mtm1684
animals also exhibited marked hypertrophy of a subpop-
ulation of muscle fibers when compared with their vehi-
cle-treated counterparts, with a 132% increase in mean
fiber diameter overall. In contrast to the hypertrophy ob-
served across all fiber types in wild-type animals, which
was recently reported elsewhere,'” hypertrophy in
treated Mtm184 mice was noted only in the glycolytic
type 2b fibers, and there was a marked increase (149%)
in mean type 2b fiber diameter in treated animals (P <
0.001) at 35 and 43 days of life (Figure 5). Evaluation of
animals with end-stage disease revealed small myofibers
in both vehicle- and ActRIIB-mFC—treated animals, pre-
venting histologic distinction between these two groups
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Figure 4. Histologic evaluation of vehicle- and ActRIIB-mFC—treated mice.
A: H&E-stained transverse sections from the quadriceps muscles of vehicle-
and ActRIIB-mFC—treated wild-type and M#m164 mice. Histologic findings in
wild-type mice were similar at all three time points. B: Counts of centrally
nucleated fibers in quadriceps muscles from mice at 43 days of life (DOL) and
at end stage. C: H&E-stained transverse sections from the diaphragm muscles
of vehicle- and ActRIIB-mFC—treated wild-type and Mtm 184 mice. Scale bars:
100 wm (A); 200 wm (C). *P < 0.05.
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of mice at this time point. The percentage of type 1, 2a,
and 2b fibers was similar between animals irrespective of
genotype or treatment group (Figure 5B). These results
are consistent with a transient histologic improvement in
Mtm184 mice after ActRIIB-mFC treatment, which corre-
sponds to the observed increases in animal and muscle
weight at the same stage. In addition, counts of myofibers
within the quadriceps muscle revealed no significant dif-
ference between wild-type and Mtm184 mice or between
vehicle- and ActRIIB-mFC—treated mice of either genetic
background. Diaphragm muscles collected from all treat-
ment groups at 35 days of life were indistinguishable from
one another (Figure 4C) despite clear histologic differ-
ences between treatment groups in the quadriceps mus-
cle at this time point. These findings suggest that the
diaphragm is not significantly affected in this disease
model and that the cause of death in these animals may
be related to dehydration or nutritional issues rather than
to respiratory insufficiency.

Ultrastructural Examination

Ultrastructural tests of vehicle- and ActRIIB-mFC—treated
mice of both genetic backgrounds were performed to
evaluate the degree of structural organization in hyper-
trophied myofibers. At the ultrastructural level, the intra-
cellular contents of vehicle- and ActRIIB-mFC-treated
wild-type mice were indistinguishable from one another,
with well-organized contractile filaments surrounded by
pockets of mitochondria and stereotypically oriented tri-
ads consisting of T-tubules and sarcoplasmic reticulum
(Figure 6). Rare fibers from vehicle- and ActRIIB-mFC-
treated Mitm184 mice contained centrally located nuclei
surrounded by aggregations of mitochondria and other
disorganized organelles; however, these fibers were too
uncommon to quantify accurately. Comparisons between
vehicle- and ActRIIB-mFC-treated Mtm164 mice re-
vealed that some large fibers were present in ActRIIB-
mFC—treated mice at 43 days of life; however, there was
no difference in the organization of the contractile fila-
ments between the two groups. The organization of the
triads, which are composed of two elements of sarco-
plasmic reticulum oriented perpendicular to a T-tubule
(insets, Figure 6, A and B), was abnormal in the Mtm184
mice because of loss of the appropriate orientation be-
tween these elements and an apparent increase in the
number of stacks of sarcoplasmic reticulum between
contractile elements. These abnormalities of the triads
were unchanged by ActRIIB-mFC therapy. A subpopula-
tion of degenerating atrophic myofibers with organellar
and myofibrillar disorganization was observed in all
Mtm184 mice (Figure 6E). Some fibers of ActRIIB-mFC-
treated Mtm164 mice demonstrated ruffling and redun-
dancy of the basement membrane (Figure 6F) consistent
with atrophy of hypertrophic fibers.

Discussion

XLMTM is a currently untreatable severe congenital myo-
pathy that is pathologically characterized by small myo-



790 Lawlor et al

S

B S S

PR E P
MinFeret Diameter (microns)

»

,.,G © ‘16 bﬁ ,\0 ,bQ
MinFeret Diameter (microns)

AJP February 2011, Vol. 178, No. 2
Type 1 Type 2a Type 2b
A (Slow) (Intermediate) (Fast) F 43 DOL End Stage
50 50
o W WT/Vehicle B
235 owt 35
Tvoe 1 ActRIIB-mFC 2 20
e
wT b 320
£15
10 i
, PR I 11418 1 PR
L R N N R )
- MinFeret Diameter (microns) MinFeret Diameter {microns)
9 50
45 45
S %0 40
35 ¥ 35
Mtm154 g3 ] g 30
Type 2a & 35 I T 25 !
s 20 I s 20
f1s R f15
E ' s 1 ’
5 i 2
0 i LB :‘-Wﬁﬂq"‘
B Fiber Type Proportions SRR R R R P R T S L L
P MinFeret Diameter (microns) MinFeret Diameter (microns)
g W WTiVehicle 50
-] % WTIAGIRIB-mFC 45
w 0 MmTeaivehicle 40
- £ 351
o = M TS4ACRIB-mFC g3
I 2
=] & 25
3 Type2b ¢ 2= ;
& £ 151
g 10
5 |
-4
* 5 0 |
Type1 Type Type2b Type1 Type Type R I A M A S T A S
| 2 | | 2 2b | MinFeret Diameter (microns) MinFeret Diameter (microns)
43 DOL End Stage
e 1 Fiber Size
G . Typ G 43 DOL End Stage
-
—— WTNeh
g 01 Wiadrimrc G -
E 451 —— Mimis4ven oS W Mtm154/Vehicle o
3 ~ a0 - o MMIS4ACRIB-mFC i oy O Mim 154/ e
T3 30 30 g
E E . Type 1€ ActRIIB-mFC £ s i
g2 5 3 5 20 I
g > 21 ®1s
5 20 RE S 1 10
5
E 15 1 ol ! J.‘IIEH'l ;
10 4+
35 DOL 43 pOL End Stage DL DD P P AR P O P PR PP
: . i i i MinFeret Diamet; i
D Type 2a Fiber Size MinFeret Diameter (microns) 50 nFeret Diameter (microns)
55 50 45
] 45 a0
g 0 40 835
E a5 § 35 8 30
] 30 7 25
a TVDG 2ai 25 i % 20 .
fé RS . a s 20 f15 |
g 330 ®15 10 ]
L 1
= 25 5 04 =
E | Eoseag 3
s ‘——‘—#—.;;:: 0030010“00 R P P Y S P Y
E 15 WSS A aeh T MinFeret Diameter (microns)
10 + MinFeret Diameter (microns)
35 DOL 43 DOL End Stage so
E Type 2b Fiber Size :g 1
i 2 £ 35
% 50 £ 30
E © Type 2b 5 2]
L] 20
a R 154
&35 10 1
g E 30 5
ET e
=
P
@
2
ic

35 DOL 43 DOL End Stage

Figure 5. Histologic analysis according to fiber type. A: Immunostaining of transverse sections from the quadriceps muscles of an ActRIIB-mFC—treated wild-type
or Mtm184 mouse at 43 days of life for dystrophin (red) and either myosin heavy chain type 1, type 2a, or type 2b fibers (green). Scale bar = 100 um. Staining
was performed in all treatment groups at 35 and 43 days of life and at end stage (determined by complete hindlimb paralysis or a >20% loss in body weight),
and myofiber size was quantitated according to fiber type. B: Percentages of type 1, 2a, and 2b fibers were counted. C-E: Muscles from animals at 35 days of life,
43 days of life, and end stage were analyzed. Mean MinFeret diameter measurements for type 1 (C), type 2a (D), and type 2b (E) fibers are shown. The legend
for panel C also applies to panels D and E. F and G: Frequency histograms demonstrate the distribution of fiber sizes in the quadriceps muscles of vehicle- and

ActRIIB-mFC—treated wild-type (F) and Mtm 184 (G) mice. *P < 0.01. **P < 0.0001.

fibers and increased numbers of centrally nucleated
myofibers. Based on the relationship between small fiber
size and poor prognosis, the present study evaluated the
therapeutic efficacy of ActRIIB-mFC, an agent that in-
duces myofiber hypertrophy through inhibition of myosta-
tin, in the Mtm184 mouse. After treatment with ActRIIB-

mFC, Mitm184 mice exhibited increases in weight,
muscle weight, and myofiber size, which behaviorally
corresponded to a transient increase in forelimb grip

strength and a 17% increase in lifespan.

Preclinical trials using myostatin loss or inhibition have
been effective in ameliorating symptoms of weakness in
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Figure 6. Ultrastructural evaluation of vehicle- and ActRIIB-mFC—treated
mice. A-D: Ultrastructural examination of gastrocnemius muscle from vehi-
cle- and ActRIIB-mFC-treated wild-type animals reveals no differences in the
organization of the contractile apparatus between treated and untreated
mice. Similarly, vehicle- and ActRIIB-mFC-treated Mtm 184 mice exhibit ap-
propriate organization of contractile elements, but also exhibit abnormalities
of T-tubule and sarcoplasmic reticulum architecture (insets), as previously
reported. ™! E: Myofiber degeneration in Mtm184 mice is characterized by
disorganization of organelles and abnormalities in the contractile apparatus,
which are unaffected by treatment with ActRIIB-mFC. F: Atrophic fibers,
identifiable by folding and redundancy of the basal lamina (inset), are
observed in Mtm184 animals treated with ActRIIB-mFC. Scale bars: 500 nm
(A-D); 2 um (E and F).

some animal models of muscle injury, atrophy, and dis-
ease. Myostatin-deficient animals demonstrate less fibro-
sis and improved muscle regeneration after laceration
injury®* and experience less muscle atrophy in murine
models of age-related sarcopenia®® and cancer-related
cachexia.?®2” Similarly, a recent study using ActRIIB-
mFC in the SOD®°** model of amyotrophic lateral scle-
rosis described muscle growth and delay in symptomatic
onset in treated animals that was greater than that ob-
served in SOD®9%4/Mstn ™~ mice."® These studies indi-
cate a role for myostatin inhibitors in conditions in which the
primary disease process occurs outside of the myofiber. In
addition, several myostatin inhibition strategies have im-
proved muscle disease and/or function in the madx mouse
model of Duchenne muscular dystrophy,?®-32 which sug-
gests a therapeutic benefit in primary myopathies in
which the basic defect involves myofiber structure and
function. The only reported human trial using myostatin
inhibition, which used antimyostatin antibodies in patients
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with adult muscular dystrophies (Becker muscular dys-
trophy, facioscapulohumeral dystrophy, and limb-girdle
muscular dystrophy), did not demonstrate significant im-
provements in muscle strength or size.®® These results
may reflect an impaired ability of adult patients with dys-
trophy to respond to myostatin inhibition, which was re-
cently demonstrated in mdx mice,?° or may simply reflect
poor efficacy of that particular agent. Alternatively, addi-
tional ligands of ActRIIB may prevent myostatin inhibition
alone from being therapeutically effective in human be-
ings, which provides a strong rationale for pursuing stud-
ies of ActRIIB inhibition rather than myostatin inhibition in
human beings.

In contrast to other conditions in which myostatin and
ActRIIB inhibition has been tested, congenital myopa-
thies represent a class of disease in which the primary
disease process occurs within myofibers and in which
the primary pathologic process causes weakness owing
to the insufficient size and abnormal organization of ele-
ments within the myofiber. Thus, there is great potential
for targeting of ActRIIB to be effective in patients with
congenital myopathy, provided that the diseased muscle
is capable of growth that causes functional improvement.
The present data support the possibility of therapeutic
benefits of myostatin inhibitors in patients with congenital
myopathy, in particular because the Mtm764 model of
myotubular myopathy has a much more severe clinical
course than that observed in most patients with congen-
ital myopathy. While patients with XLMTM are usually
born with significant weakness, the weakness is rarely
progressive. In contrast, Mtm184 mice are grossly normal
at birth but undergo considerable symptomatic deterio-
ration during the second month of life. In patients and
animal models that do not undergo the catastrophic de-
generation seen in Mtm164 mice at approximately 2
months of life, greater or more prolonged benefits can be
expected than what is describe herein in Mtm164 mice.

These studies provide evidence that ActRIIB inhibition
can extend lifespan in diseased animals, and represent
the first description of a therapy that extends lifespan in
Mtm164 animals. Recent studies using ActRIIB-mFC in
the SOD®93A model of amyotrophic lateral sclerosis'®
and the hSMN2/delta7SMN/mSmn~/~ model of severe
spinal muscular atrophy' described symptomatic im-
provements without extension of lifespan. It should be
noted, however, that an extension of lifespan was ob-
served after follistatin therapy in this mouse model,
which, to our knowledge, is the only other published
report of lifespan extension while manipulating the myo-
statin pathway.®** The extension of lifespan observed in
the present study was due to delay in the point at which
animals experience weight loss and/or complete
hindlimb paralysis. This prolongation of survival may cor-
respond to a greater extension of lifespan in patients with
XLMTM because of the availability of supportive care and
the greater degree of symptomatic variability observed in
these patients.

Recent studies have established that postnatal inhibi-
tion of the myostatin pathway produces myofiber hyper-
trophy?825-37 without the myocyte hyperplasia observed
in myostatin knockout animals.’ While there is some
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evidence that myostatin inhibition during development
can produce increased numbers of type 2b fibers in
skeletal muscle,®® treatment of wild-type and Mim184
mice with ActRIIB-mFC did not change the number or
percentage of type 1, 2a, and 2b fibers in the quadriceps
muscles. These findings, which are consistent with a
recent report of the effects of ActRIIB-mFC treatment in
wild-type mouse muscle,'” support the theory that myo-
cyte hyperplasia or changes in fiber type distribution do
not occur with postnatal inhibition of myostatin or ActRIIB.
In addition, while satellite cell behavior in response to
treatment was not specifically examined, no evidence of
satellite cell fusion or myoblast proliferation was ob-
served at histologic evaluation of ActRIIB-mFC—treated
muscles.

In contrast to the hypertrophy observed in all fiber
types in treated wild-type animals,’” ActRIIB-mFC-
treated Mtm184 animals did not demonstrate hypertro-
phy in the oxidative type 1 and 2a myofibers at 43 days of
life. The degree to which hypertrophy was observed in
type 2b fibers, however, markedly exceeded the degree
of hypertrophy observed in treated wild-type animals.
These results suggest that myotubularin deficiency inter-
feres with the hypertrophic response to myostatin inhibi-
tion in oxidative fibers. The growth pathways in type 1
and 2a myofibers are calcium-dependent, whereas hy-
pertrophy in type 2b fibers occurs through the relatively
calcium-independent Akt pathway (reviewed in 39, 40).
Recent studies of myotubularin-deficient mice,® fish,®
and dogs*' have described abnormalities in T-tubule and
sarcoplasmic reticulum architecture and abnormalities in
intracellular calcium handling.® These abnormalities in
intracellular calcium may interfere with activation of hy-
pertrophic pathways in oxidative fibers and, thereby, pre-
vent ActRIIB-mFC—-induced hypertrophy in these fibers.
The Akt pathway may not be affected by abnormalities of
calcium homeostasis in myotubularin-deficient myofibers,
which could explain the marked fiber type-specific hyper-
trophy observed in Mtm184 animals. However, myotubu-
larin seems to have some critical role in type 2b myofibers
because these fibers eventually become atrophic between
43 days of life and disease end stage.

In conclusion, the present study provides evidence
that myostatin inhibition via treatment with ActRIIB-mFC is
therapeutically beneficial to Mtm184 mice according to
findings of behavioral and pathologic studies. Further-
more, the selective hypertrophy of type 2b myofibers in
Mtm164 animals may provide important information
about the biological processes in which myotubularin is
involved. Although these findings may provide the first
potential therapy for XLMTM in children, the selective
nature of the response to treatment provides interesting
possibilities for improving therapeutic responses once
the role of myotubularin in oxidative myofibers is more
completely understood.
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